Introduction
The Rhinodrilus belongs to the class Oligochaeta, one of the three classes of Annelida phylum. Annelids present great diversity, occurring in diverse environments, from marine to terrestrial (Desbruye and Laubier 1982; Lamy et al. 1996; Weber and Vinogradov 2001) ; however, all specimens have a giant extracellular hemoglobin hexagonal-bilayer, with a molecular mass of about 3 MDa (Bachega 2013; Carvalho et al. 2014a, b; Oliveira et al. 2007; Royer et al. 2005 Royer et al. , 2006 Rousselot et al. 2006; Tabak et al. 2012) . The Rhinodrilus alatus (HbRa) extracellular hemoglobin is a giant protein with a complex oligomeric structure, presenting 144 globin chains and 36 chains lacking the heme group (named linkers), with a total molecular mass of 3.5 MDa (Carvalho et al. 2014a, b; Tabak et al. 2012) , and possessing a characteristic quaternary architecture, namely the hexagonal-bilayer structure. In Scheme 1, the HbGp hierarchical oligomeric organization is represented. The whole HbGp structure is composed by an hexagonal-bilayer of 12 protomers, each corresponding to (abcd) 3 L 3 . The hexagonal monolayer is composed of 6(abcd) 3 L 3 , the dodecamer corresponds to (abcd) 3 and the tetramer is formed by four different monomeric globin chains (a,b,c and d) , where a, b, and c globin chains are linked by disulfide bridges forming a trimer and a monomer d (Scheme 1).
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Spectroscopic, hydrodynamic, and crystallographic studies suggest that HbRa hemoglobin belongs to the same type as the extracellular hemoglobins of Glossoscolex paulistus (HbGp) and Lumbricus terrestris (HbLt) (Bachega et al. 2011; Bachega 2013; Carvalho et al. 2014a, b; Oliveira et al. 2007; Royer et al. 2005 Royer et al. , 2006 Tabak et al. 2012) . HbLt and HbGp are the most extensively studied giant hemoglobins (Bachega et al. 2011; Carvalho et al. 2012 Carvalho et al. , 2013 Carvalho et al. , 2015 Krebs et al. 1998; Oliveira et al. 2007; Poli et al. 2005; Royer et al. 2005 Royer et al. , 2006 Rousselot et al. 2006; Santiago et al. 2008 Santiago et al. , 2010a . Another widely studied giant protein is Arenicola marina hemoglobin (HbAm), orthologous of HbGp and HbLt, presenting quite similar hierarchic structural organization and biophysical properties (Zal and Rousselot 2014; Jernshøj et al. 2013) . These hemoglobins present high cooperativity in oxygen binding and high resistance to the oxidation process as compared to human hemoglobin (Poli et al. 2005; Santiago et al. 2008 ). Due to these properties and the fact that they are extracellular hemoglobins with large size, HbLt and HbAm have been considered as a promising model system for developing therapeutic blood substitutes (artificial blood; Zal and Rousselot 2014) .
MALDI-TOF-MS studies have shown that HbRa displays a tetramer (abcd) with a molecular mass of 67,690 Da, an hetero-trimer (abc) of 51,479 Da, where the a, b and c subunits are linked by disulfide bonds, and different linkers chains L (L 1 , L 2 , L 3 , and L 4 ) with molecular masses in the range of 25,970-32,515 Da (Carvalho et al. 2014a; Tabak et al. 2012 ). In the presence of 2-mercaptoethanol reducing agent, four different monomer subunits are observed, a, b, c and d with molecular masses in the range of 16,166-17,133 Da (Carvalho et al. 2014a; Tabak et al. 2012) . At least four isoforms for monomer d are observed, with molecular masses in the range of 16, 710 Da. Moreover, SDS-PAGE electrophoresis studies show a band pattern for oxy-HbRa, consisting of trimer, linkers (L 1 , L 2 , L 3 , and L 4 ), and in the presence of 2-mercaptoethanol reducing agent, monomers a, b, c, and d subunits are observed (Bachega 2013; Carvalho et al. 2014a, b; Vinogradov 2004) . These band patterns SDS-PAGE electrophoresis are similar to those reported for HbGp (Carvalho et al. 2011; Tabak et al. 2012) .
Previous studies show an absorption spectrum for oxyHbRa, at pH 7.0, 25 °C, with a Soret band centered at 416 nm and two Q-bands at 540 and 575 nm, quite similar to oxy-HbGp (Carvalho et al. 2014a; Poli et al. 2005; Santiago et al. 2010b ). Above pH 8.0, a decrease of Soret band intensity together with a blue shift is observed, assigned to the oxidation of Fe 2+ (reduced state of iron for native protein) to Fe 3+ (oxidized state of iron, protein in aquamet form). Moreover, studies based on the fluorescence, light scattering intensity (LSI), and analytical ultracentrifugation are consistent with oxy-HbRa oligomeric dissociation at alkaline pH media (Carvalho et al. 2014a; Tabak et al. 2012) .
As investigated by Zal et al. (2000 Zal et al. ( , 2014 , this diversity justifies the study of extracellular hemoglobin in different species of annelids. To evaluate different hemoglobin species is an interesting question, to test whether this diversity Scheme 1 Structural hierarchy of HbGp 1 3 reflects evolutionary divergences or an intrinsic plasticity of the hemoglobin structure. In addition, since to build extracellular hemoglobins different globin and linkers chains are necessary to achieve this particular quaternary architecture, as well as the stability of the oligomeric structure, these studies could allow to assess what are the essential elements for the success (Zal et al. 2000; Zal and Rousselot 2014) . Moreover, studies have been reported on some advances on biotechnological HbAm applications with the development of different products, as for example: a preservation organ solution and a restauration oxygenation blood, both based on the Arenicola marina hemoglobin (Zal and Rousselot 2014 ).
In the current study, HbRa thermal denaturation is focused in the pH range of 5.0-9.0. Our aim is to evaluate the effect of pH on the HbRa thermal stability as monitored by dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS). Oxy-HbRa melting studies were performed in acidic, neutral, and alkaline pH by DLS. Critical dissociation, denaturation, and aggregation temperatures were obtained at different pH values. SAXS technique was also used to monitor the oxy-HbRa oligomeric structural changes as a function of temperature. SAXS parameters R g , D max and scattering intensity at q = 0, (I(0)), were monitored in the pH range of 5.0-9.0, in the temperature range of 20-60 °C. These studies contribute to the characterization of the pH effects upon the oxy-HbRa oligomeric stability as a function of temperature.
Materials and methods

Purification and preparation of HbRa
Rhinodrilus alatus hemoglobin was prepared using freshly drawn blood from worms as described earlier (Bachega et al. 2011; Bachega 2013; Carvalho et al. 2014a, b; Tabak et al. 2012; Santiago et al. 2010a ). The blood sample was centrifuged at 4 °C (2300 × g for 15 min) to eliminate cell debris. An ultra-filtration (molecular mass cut-off of 30 kDa) in 100 mmol/l Tris-HCl buffer pH 7.0, at 4 °C, was performed in order to eliminate low molecular weight (M w ) components. After the ultracentrifugation at 250,000 × g, at 4 °C, during 3 h, HbRa was obtained as a pellet. It was re-suspended in a minimum amount of 100 mmol/l TrisHCl buffer pH 7.0 and stored in the oxy-HbRa form at 4 °C. The final purification step was the filtration through a Sephadex G-200 chromatography column, where pure oxy-HbRa is obtained in the void volume of the column. In the oxy-HbRa sample preparations for all studies described in this paper, an optical absorption spectrum in the UV/ Vis region (250-700 nm) was collected. This HbRa optical absorption spectrum shows a Soret band at 415 nm and two-Q bands at 535 and 575 nm, respectively, very characteristic of oxy-HbRa. A similar spectrum for oxy-HbRa is reported in the reference (Carvalho et al. 2014a ). Additionally, native oxy-HbRa has a very sharp single DLS peak, characteristic of a monodisperse single particle system with 27 nm hydration diameter. Again, this is quite characteristic for the whole native protein. HbRa does not aggregate, and remains soluble and stable in Tris-HCl 100 mmol/l buffer solution for a long time (around 1 year). Both DLS and ultracentrifugation studies confirm that pure oxy-HbRa remains as the native whole protein of around 3600 kDa and sedimentation coefficient around 58 S. All concentrations were determined spectrophotometrically in a UV-1601 PC spectrophotometer (Shimadzu, Japan), using the known molar extinction coefficient of orthologous oxyHbGp of ε 415nm = 5.5 ± 0.8 (mg/ml) −1 cm −1 (Santiago et al. 2010a ).
Dynamic light scattering (DLS) measurements
Zetasizer Nano ZS (Malvern, UK) was used for the light scattering measurements. This instrument allows dynamic light scattering measurements incorporating noninvasive backscattering (NIBS) optics. A He-Ne laser is used as the light source with a wavelength λ = 633 nm. The intensity of light, scattered at an angle of 173°, is monitored by an avalanche photodiode (Pecora 1985; Santiago et al. 2008) .
Initially, oxy-HbRa 20 mg/ml stock solution was dialyzed in acetate-borate-phosphate buffer 30 mmol/l for 6 h, at 4 °C, and the protein concentration was re-measured. All samples were prepared by dilution of the previously dialyzed concentrated stock solution in the same buffer. The DLS measurements were performed for oxy-HbRa 3.0 mg/ ml, in the pH range of 5.0-9.0, at temperatures between 20 and 70 °C, controlled with an accuracy of 0.1 °C. The DLS data were collected by increasing the sample temperature by 1 °C over 1 min, followed by equilibration for 5 min, and then 7 data points were collected at each temperature. Depending on the scattering intensity the measurement time was variable, but all the samples were heated for a long time, around 20 h, to complete the heating cycle. The melting curves for oxy-HbRa were analyzed based on the samples hydrodynamic diameter (D H ) value, the critical denaturation temperature (T den ), the scattering particle size intensity and particle number distributions and the peak width at half height for intensity distribution curves. The analyses were performed using Malvern's DTS 6.01 software. The intensity and particle number size distributions curves were obtained directly from the primary data. Another important parameter obtained by the DLS measurement is the scattering intensity (kcounts/s) due to its high sensitivity to the size changes of the species in solution, allowing a good characterization of aggregation, 1 3 denaturation and oligomeric dissociation processes for oligomeric proteins.
Small-angle X-ray scattering (SAXS) measurements
Oxy-HbRa 20 mg/ml stock solution was dialyzed in acetatephosphate-borate 30 mmol/l buffer for 6 h to equilibrate the used pH values (acidic, neutral, and alkaline media). After this initial dialysis, the protein concentration was checked spectrophotometrically, as described in the "Purification and preparation of HbRa" section. All samples were prepared by dilution of previously dialyzed oxy-HbRa concentrated stock solution. Protein solutions at 3.0 mg/ml were measured as a function of temperature and pH values for 90 s of exposure time and recorded in a two-dimensional position-sensitive detector MARCCD. The measurements were initially performed for all samples at 20 °C. A commercial water bath was set in the sequence to 40 °C and again all samples were measured at this temperature. Further, each isolated sample was submitted to heating in a sequence to 50 and 60 °C, and after measuring at these two temperatures, it was cooled back down to 20 °C, followed by cleaning of sample compartment and insertion of a new sample. Each sample was equilibrated for 10 min at each temperature before measurement. The SAXS curves for buffer solutions were subtracted from the HbRa solution SAXS curves before analysis.
In this study, we made use of the GNOM program (Mertens and Svergun 2010) to calculate p(r) functions directly from the scattering curves, and the respective R g , D max and I(0) parameter values. The analysis by GNOM is an important first approximation approach to obtain relevant structural information on the macromolecule in the real space directly from the scattering curve without the need for more detailed previous knowledge (Hirai et al. 1999; Mertens and Svergun 2010; Putnam et al. 2007; Svergun 1991) . Besides, for monodisperse systems, a Fourier transform connects the scattering intensity I(q) to the pair distance distribution function, p(r), which is related to the probability of finding a pair of small particle volumes at a distance r within the entire volume of the scattering particle. These structural analyses are valid only for particles with homogeneous electron density (non-interacting systems). In the case of interaction between molecules, as for example hemoglobin molecules (aggregates formation), this hypothesis is not strictly valid and can be considered only as a first approximation and for qualitative comparison. In this current study, the radius of gyration (R g ) parameter was also obtained by Guinier approximation (Guinier and Fournet 1955) . In this case, for a monodisperse solution of globular protein the Guinier approximation is described by I(q → 0) = I(0) exp − R 2 g q 2 /3 where I(0) and R g are determined from the y-axis intercept and the slope of the linear plot of lnI(q) versus q 2 (Guinier and Fournet 1955) .
Furthermore, Kratky plots that are defined as the dependences of I(q)*q 2 on q, were also used to monitor the protein unfolding process. Folded globular proteins display a defined peak at lower q values, showing a bell-shaped Kratky plot. However, unfolded proteins show a continuous decrease in I(q)*q 2 versus q, in the low q range below 0.1 and 0.2 Å −1 (Glatter and Kratky 1982; Mertens and Svergun 2010) . Therefore, the Kratky plot is a good representation to observe conformational changes of the protein in solution induced, for instance, by the temperature, pH changes and presence of denaturant agents (Carvalho et al. 2014b; Mertens and Svergun 2010; Putnam et al. 2007 ).
Moreover, a non-linear fitting, based on the Origin 8.0 software from Microcal, was also performed, aiming to simulate the p(r) functions corresponding to the experimental oxyHbRa SAXS curves at different temperatures and pH values as a linear combination (superposition) of p(r) functions derived for several fragments of the whole protein crystallographic structure that was very recently reported for HbGp (Bachega et al. 2015) . The scattering curves for the fragments were prepared from HbGp crystal structure (PDB under ID code 4U8U; Bachega et al. 2015) by using the CRYSOL software (Konarev et al. 2006) . The use of oxy-HbGp structure as a model for oxy-HbRa, both in the native form and in the smaller fragments, seems reasonable since both proteins present a similar mass of 3.6 MDa. They also probably have an oligomeric dissociation equilibrium involving the co-existence of multiple species and similarity in structure (Carvalho et al. 2014a, b) . We believe that this simulation (fit) in the r-space is more intuitive to monitor the size changes, especially involved in protein dissociation and/or aggregation. In addition, fits by OLIGOMER package (Konarev et al. 2006) were performed for oxy-HbRa I(q) experimental curves. The initial guess for the oligomer fits was based on previously obtained results by non-linear fitting for p(r) functions.
Results and discussion
Oxy-HbRa thermal stability in the pH range of 5.0-9.0 by DLS
Melting curves and intensity count rates
In Fig Table 1 . Our data show that, oxy-HbRa, at 20 °C, is in the native form, at pH 5.0, 7.0, and 8.0, with a hydrodynamic diameter of 27 nm, while, at pH 9.0, it is partially dissociated with D H of 25 nm (Table 1) . Previous studies for oxy-HbGp show very similar results, and a D H value of 27 nm is observed in the pH range of 5.0-8.0. The scattering intensity strongly depends on the particle volume in solution. Thus, this slight shift of D H value suggests either a larger contribution from the whole protein or conformational changes of oxy-HbRa oligomeric structure. The partial oligomeric dissociation is also observed, at pH 9.0, for oxy-HbGp (Santiago et al. 2008) . Arenicola marina hemoglobin at 20 °C also presents similar D H values to oxy-HbRa in the pH range of 5.0-7.0. However, at pH 8.0, it is partially dissociated with a hydrodynamic diameter of 15.5 nm, and, at pH 9.0, HbAm is completely dissociated, displaying a D H of 9 nm (Jernshøj et al. 2013) . Thus, our current study indicates that oxy-HbRa has a pH stability similar to that of oxy-HbGp, being more stable than HbAm. These observed differences on the oligomeric stability towards pH variation could be due to the differences in the annelids habitat.
Oxy-HbRa, at pH 7.0 (Fig. 1a) , remains stable up to 56 °C, maintaining a D H value of 27 nm and at higher temperatures the thermal denaturation and aggregation processes are observed (see insert in Fig. 1a) . The denaturation and aggregation are characterized by a significant increase in the D H value, reaching 1240 ± 10 nm at 70 °C (Table 1 ; Fig. 1a ). In the acidic pH range (pH values 5.0 and 6.0), Fig. 1 a, Table 1 Values of sizes and critical temperatures associated with the effects of temperature on oxy-HbRa, in the pH range of 5.0-9.0
The parameters are from the data in Fig. 1a , b <D H > initial (nm), Z-average hydrodynamic diameter of oxy-HbRa, at initial temperature (20 °C); T diss temperature where the Z-average hydrodynamic diameter decreases and <D H > dissociated is the smaller D H value when the protein oligomeric dissociation takes places; T den , critical denaturation temperature, where the Z-average hydrodynamic diameter increases; <D H > den/agg , Z-average hydrodynamic diameter at the highest temperature (70 °C, Fig. 1a, b) . The reported error values correspond to standard deviation for independent measurements (n = 3) by DLS a D H values are either above the limiting value for the DLS instrument or the errors are very large, making the exact values for the aggregates not justified
8.0 27 ± 1 43 ± 1 15 ± 1 51 ± 1 51 ± 3 9.0 25 ± 1 31 ± 1 13 ± 1 45 ± 1 21 ± 2 oxy-HbRa is more stable, as compared to pH 7.0, undergoing denaturation and aggregation at 60 and 62 °C, respectively (insert in Fig. 1a ; Table 1 ). The thermal denaturation and aggregation produce large aggregates with sizes above the limit of detection of our DLS instrument (around 10 µm or 10,000 nm). Moreover, the denaturation and aggregation processes are accompanied by a partial sedimentation of aggregates, leading to the fluctuation in the D H values (Fig. 1a) and a steep decrease in the intensity count rates (Fig. 1c) above 60 °C. Previous studies reported for oxyHbGp show that the tendency to produce larger aggregates at high temperatures and acidic pH as well as some partial sedimentation of larger aggregates is due to the proximity of the isoelectric point at pH 5.0 and 6.0 (pI = 5.5; Carvalho et al. 2014b; Santiago et al. 2010a ). The present oxy-HbRa results are similar, but not identical to the data reported for its orthologous oxy-HbGp (Carvalho et al. 2015; Santiago et al. 2008 Santiago et al. , 2010a . Oxy-HbGp, at pH 7.0 and 5.0, undergoes denaturation/aggregation at 52 and 56 °C, respectively (Carvalho et al. 2015; Santiago et al. 2008) , while for oxy-HbRa this phenomenon occurs at higher temperatures (Table 1) , showing clearly that oxy-HbRa is more stable upon heating. Our DLS data are also in agreement with recent studies, based on optical absorption, fluorescence emission and LSI (light scattering intensity measured at 90° in the fluorometer), that revealed the oxy-HbRa oligomeric dissociation at pH values above 8.0 (Carvalho et al. 2014a ). The increase of temperature induces oxy-HbRa partial oligomeric dissociation, starting at 43 and 31 °C, respectively, at pH values 8.0 and 9.0, with corresponding minimum D H (nm) for the dissociated species of 15 nm at 49 °C, and 13 nm at 38 °C (Table 1; Fig. 1b) . The thermal denaturation of dissociated species is observed at 51 °C, for pH 8.0, following an increase of D H value to 51 ± 3 nm, at 70 °C (Table 1; Fig. 1b) . Moreover, at pH 9.0, the oligomeric dissociation process takes place earlier, as compared to pH 8.0: already at 20 °C, the D H value is 25 nm (Table 1 ; Fig. 1b) . The start of dissociation upon heating, at pH 9.0, as noticed in the melting curve, is 12 °C lower, as compared to pH 8.0, and the D H value is also slightly lower (T diss , Table 1 ). The unfolding of the dissociated species, at pH 9.0, is observed in a relatively broad range, around 45 °C, noticed in the melting curve by an increase in the D H value (Fig. 1b) . However, the size of the unfolded species, at 70 °C, at pH values 8.0 and 9.0, are significantly smaller, as compared to the value at pH 7.0 (Table 1 ; Fig. 1a, b) . This smaller size of unfolded species, at alkaline pH, is probably due to the oligomeric dissociation process, inhibiting the formation of large aggregates in solution. This behavior is quite similar to that observed for oxy-HbGp (Santiago et al. 2008; Carvalho et al. 2014b ).
The scattering intensity (count rates) melting curves, for oxy-HbRa at neutral and acidic pH values, are similar to the D H curves without any evidence of partial oligomeric dissociation (Fig. 1c) . These results are different as compared to oxy-HbGp, which undergoes a partial oligomeric dissociation before denaturation and aggregation (Carvalho et al. 2014b) . It is worth noticing the decrease of intensity (kcounts/s) for oxy-HbRa at 20 °C due to partial oligomeric dissociation accompanied by a significant decrease in the scattering intensity (Fig. 1c, d) . At acidic pH values 5.0 and 6.0, the sedimentation of aggregates is more evident, leading to larger fluctuations in the intensity counts/s values above 60 °C (Fig. 1c) .
Scattering intensity and particle number distributions
The scattering intensity and particle number (%) distributions curves for oxy-HbRa at different pH and selected (from the melting data) temperatures values are displayed in Fig. 2 . At 20 °C, a single contribution in both the scattering intensity and particle number distributions curves, characteristic of native oxy-HbRa in solution, at pH values 7.0 and 5.0, is observed ( Fig. 2a-d) . The un-dissociated protein is the single species present in the solution, at pH 7.0, up to 50 °C (Fig. 2a) . At 55 °C, a shift of the intensity curve to 33 nm is observed (Fig. 2b) , indicating the start of protein denaturation. At 65 °C, oxy-HbRa is completely denatured and aggregated, presenting two peaks at 190 and 1040 nm, respectively (Fig. 2a) . In the particle number distribution curves, a single peak is observed up to 55 °C, consistent with the intensity curves, and at 60 and 65 °C, a mixture of aggregates with peaks around 35, 100, and 190 nm is observed (Fig. 2b) .
At pH 5.0, oxy-HbRa also shows intensity distribution curves with a single contribution due to native protein up to 55 °C, while at 60 and 61 °C, a mixture of aggregates of different sizes is observed (Fig. 2c) . The corresponding particle number distribution curves present native oxy-HbRa up to 60 °C, suggesting that the amount of aggregates formed in solution is not significant at this temperature. However, at 61 °C, the protein is completely denatured/ aggregated, displaying a broad peak at 230 nm (Fig. 2b) . At pH 6.0, the intensity and number of distribution curves at 20 °C (curves not shown) are similar to those at pH 5.0 (Fig. 2c, d ). The scattering intensity curves also show the beginning of oxy-HbRa denaturation/aggregation at 60 °C (curves not shown), while the particle number distribution curves present a decrease in the number of particles, probably due to a partial sedimentation process.
For alkaline pH 9.0, a broad scattering intensity curve is observed, consistent with the partially dissociated protein, as assigned by a D H value of 25 nm, at 20 °C (Table 1 ;  Figs. 1b, 2g, h ). The increase of temperature at pH 9.0 promotes the broadening and shifting of intensity distribution curves to lower diameter values at 40 °C, in agreement with the oxy-HbRa oligomeric dissociation (Fig. 2g) . At higher temperatures, a small increase in the species sizes in solution is observed, without aggregation, consistent with the inhibition of the aggregation process by oxy-HbRa oligomeric dissociation (Fig. 2g) . The corresponding particle number distribution curves also show a broadening and shifting of the curves to lower sizes, in agreement with the protein oligomeric dissociation at 50 °C and a contribution of smaller species around 4-5 nm is observed, probably due to the monomer subunit dissociated in solution. Furthermore, no evidence of aggregate formation at higher temperature is observed (Fig. 2h) . At pH 8.0, the intensity distribution curves show that oligomeric dissociation of HbRa starts at 45 °C, with a shift of the curves to lower sizes (Fig. 2e) , but the dissociation process is less pronounced as compared to pH 9.0 (Fig. 2g, e) . However, at higher temperatures of 60 and 70 °C, the unfolding of protein takes place accompanied by a shift to high size values as well as a broadening of the intensity distribution curves (Fig. 2e) . The intensity and number distribution curves show the contribution of unfolded protein at 70 °C, displaying a shift to high diameter values (Fig. 2f) .
In Table S1 (Supporting material), the peak width at half height and polydispersity (PDI) values obtained from the intensity distribution curves (Fig. 2) are shown. In the pH range of 5.0-8.0, the peak width and PDI values are quite similar, corresponding to native oxy-HbRa in solution, being 18 nm and 0.02-0.03 at 20 °C (Table S1 ). In acidic and neutral pH, these values remain practically constant up to 50 °C, while for alkaline pH values 8.0 and 9.0 they change significantly at 45 and 20 °C, respectively. Above 60 °C, at acidic and neutral pH values, both the peak width and PDI show a significant increase due to protein denaturation and aggregation (Table S1 ). For alkaline pH values 8.0 and 9.0, the peak width values are significantly lower as compared to acidic and neutral values, consistent with a partial oxy-HbRa oligomeric dissociation and reduction of aggregation. Previous studies on the urea effects on oxyHbGp stability have shown that the oligomeric dissociation inhibits significantly the effective protein aggregation (Carvalho et al. 2015) . It is worth mentioning that the high values of peak widths for the intensity distributions at acidic and neutral pH values is also probably associated with the relatively long heating cycle performed in melting experiments, where the samples were exposed to the whole cycle for at least 20 h. This long heating cycle would avoid possible kinetic effects in the aggregation/denaturation process.
Oxy-HbRa thermal stability in the pH range of 5.0-9.0 by SAXS
Neutral pH 7.0
The experimental SAXS curves and corresponding fitting curves obtained by the GNOM program for oxy-HbRa 3.0 mg/ml at pH 7.0 as a function of temperature are presented in Fig. 3a . The corresponding distance distribution function curves, p(r), are presented in Fig. 3b . All parameters obtained by GNOM analyses are collected in Table 2 . Oxy-HbRa at 20 °C shows SAXS curve characteristic of the native form (Carvalho et al. , 2014b , presenting three shoulders centered at q values of 0.04, 0.07, and 0.12 Å −1 , respectively (Fig. 3a) and bell-shaped p(r) distribution function, consistent with native globular protein (Fig. 3b) .
Oxy-HbRa, at pH 7.0, upon increasing the temperature, remains stable up to 50 °C, since both the SAXS curves and the parameters R g and D max do not change, as compared to those at 20 °C (Table 2 ; Fig. 3a, b) . However, at 60 °C, oxy-HbRa displays R g and D max parameters of 138 ± 2 and 550 ± 20 Å, respectively, suggesting the presence of denatured/aggregated protein in solution (Table 2) . Moreover, the R g values obtained by Guinier approximation for oxy-HbRa in the temperature range of 20-60 °C at pH 7.0 remain similar (121-130 Å) considering the error values (Table 3) . The corresponding p(r) function (Fig. 3b) displays two particle contributions, the first one centered at 150 Å is probably associated with a mixture of whole native and aggregated protein, and the second one (tail), centered around 350 Å, assigned, probably, to some elongated and/or extended species that could be totally denatured/aggregated oxy-HbRa (Fig. 3b) . Similar observations for oxy-HbGp have been made in a recent study on the interaction of the protein with CTAC surfactant (Carvalho et al. 2014b ). The contribution of some fraction of the whole native oxy-HbRa in the p(r) function, the partial observation of the shoulders in the SAXS curve and the constancy of the I(0) parameter, at 60 °C, all together suggest that this temperature is not enough to completely denature the protein (Table 2 ; Fig. 3a) .
Acidic pH media
For acidic pH 5.0, oxy-HbRa at 20 °C displays SAXS curve and p(r) function distribution (Fig. 3c, d ) similar to those at pH 7.0, with R g and D max parameters characteristic of native form (Table 2 ). An increase of temperature to 50 °C does not produce any change in the R g and D max parameters, displaying values of 108 ± 1 and 300 ± 10 Å, respectively, suggesting that the protein denaturation at pH 5.0 is similar as compared to pH 7.0 (Table 2) . A slight decrease in the p(r) function intensity is observed. At 60 °C, the p(r) function also displays a slight contribution at higher r values, smaller than that at pH 7.0, and assigned, probably, as due to some amount of partially unfolded protein and denatured/aggregated oxy-HbRa, in the extended and/or elongated form (Fig. 3d) . R g and D max parameters are slightly higher than those observed at pH 7.0, confirming the existence of aggregation at pH 5.0. At pH 6.0, oxy-HbRa presents similar SAXS curves and p(r) functions, and the denaturation starts at 50 °C, but R g and D max parameters display higher values, as compared to pH 5.0 (Table 2) . The R g , D max and I(0) SAXS parameters present a significant increase at 60 °C, in agreement with the denaturation/aggregation of the protein. The significant increase of I(0) together with a considerable residual positive value of the p(r) function at the higher limit of r value are quite characteristic of protein aggregation (see Fig. S1 in Supporting material). R g values obtained by Guinier approximation for oxy-HbRa, at pH 5.0 and 6.0, do not show significant changes, varying from 110 ± 14 to 129 ± 16 Å, in the temperature range of 20-60 °C (Table 3) , in agreement with GNOM analysis (Table 2) .
Alkaline pH media
At pH 8.0, the oxy-HbRa, 20 °C, presents a SAXS curve consistent with the native form (Fig. 3e) , as observed at pH 7.0, while at pH 9.0, the three shoulders are not so well defined and the scattering intensity I(q) is reduced for oxyHbRa (Fig. 3g) . Moreover, oxy-HbRa, at pH 8.0, 20 °C, presents radius of gyration (R g ) and maximum dimension (D max ) parameters values of 108 ± 1 and 300 ± 10 Å, which are characteristic of the whole protein in solution (Table 2) and very similar to those obtained for HbGp . p(r) function at pH 8.0, 20 °C, shows a single particle contribution, with a bell-shaped form, typical of folded HbRa form (Fig. 3f) . However, oxy-HbRa, at pH 9.0, 20 °C, shows higher R g and D max values (Table 2) , as compared to the native form, at pH 7.0, 5.0, and 8.0, which, together with a modified p(r) (Fig. 3h) , are consistent with the presence of partially dissociated and unfolded protein in solution.
At alkaline pH 8.0, the increase of temperature to 60 °C promotes the disappearance of the shoulders in the SAXS Fig. 3 Experimental smallangle X-ray scattering curves (symbols) for oxy-HbRa at 3.0 mg/ml in acetate-phosphateborate buffer 30 mmol/l, a at pH 7.0, c at pH 5.0, e at pH 8.0, and g at pH 9.0, as a function of temperature, with the respective fits (full lines) obtained from the GNOM program. The distance distribution functions p(r), b at pH 7.0, d at pH 5.0, f at pH 8.0, and h at pH 9.0, obtained from the GNOM program are shown curves, characteristic of oxy-HbRa native form, suggesting oligomeric dissociation (Fig. 3e) . On the other hand, the p(r) function does not show clearly small particle contribution, is spread over a larger range of r values, and R g and D max present an increase as a function of temperature (Table 2 ; Fig. 3f ). At 60 °C, the p(r) function shows a very small bump at lower r side that could be due to some dissociated protein fragment, while the broad contribution extended over a larger r range seems to be due to aggregates (insert, Fig. 3f ). This could be due to the fact that the increase of temperature to 60 °C leads to an overlap of the partial oligomeric dissociation and denaturation/aggregation processes in the system. The I(0) parameter value is reduced at the highest temperature as compared to the temperature range of 20-50 °C, which also might indicate that the aggregation at pH 8.0 and 60 °C is just starting.
At pH 9.0, oxy-HbRa is probably partially dissociated and unfolded already at 20 °C (Fig. 3g) , since R g and D max values are 124 ± 2 and 420 ± 20 Å, respectively (Table 2) , the shoulders are practically unresolved, and the I(0) value is quite reduced as compared to the pH range of 5.0-8.0. The p(r) function is changed significantly, as compared to pH 8.0: the presence of small molecular weight protein fragments is clearly seen as a bump in the curve at lower r values together with some contribution above 300 Å, which is probably due to denatured elongated protein (Fig. 3h) . The increase of temperature accelerates both the oligomeric dissociation and denaturation as well as the aggregation of oxy-HbRa, where at 60 °C a complete disappearance of shoulder in SAXS curve and distortion of p(r) function are observed (Fig. 3g, h ) and R g and D max increase substantially (Table 2 ; Fig. 3h ). The p(r) functions at pH values 8.0 and 9.0 show that oxy-HbRa presents a strong tendency to aggregate, as compared to the results observed by SAXS for oxy-HbGp . The large contribution of aggregated species indicates that the oligomeric dissociation and unfolding processes for oxy-HbRa and oxyHbGp are not identical. Since the heating procedures used in SAXS experiments were different, and the samples were not heated for a long time as in the DLS measurements ("Oxy-HbRa thermal stability in the pH range of 5.0-9.0 by DLS" section), it is quite possible that kinetic effects in the aggregation/denaturation process would make it difficult to directly compare the DLS and SAXS data. Nevertheless, it is quite clear that the size values obtained at 20 °C by both techniques are consistent. R g values obtained by Guinier approximation present a clear expression of partial protein aggregation, quite sensitive to the pH value, 8.0 or 9.0. At pH 8.0, a significant increase of R g takes place only at 60 °C, while at pH 9.0, already at 20 °C, the value of R g is increased to 183 Å. Moreover, at pH 9.0, aggregation takes place in the whole temperature range (Table 3 ). In Table 3 , the parameters I 0 and the number of points (N) used in the fits are also shown. It is worthy of notice that the 5 initial points used in the Guinier plots at pH values 5.0-8.0 (q range of 0.00702-0.00991 A -1 ) are all in the range of q*R g either lower or equal to the limit of 1. At pH 9.0 the lowest q value (0.00847 A -1 ) already gives a q*R g value of 1.3. This is probably associated to the protein aggregation at pH 9.0.
Kratky plots for oxy-HbRa, in the pH range of 5.0-9.0, as a function of temperature
In order to obtain further insight on the structural changes induced by temperature in oxy-HbRa, Kratky plots were made from the SAXS data (Fig. 4a) . The characteristic shoulders of folded oxy-HbRa at 20 °C, at pH values 7.0 and 5.0, are observed (Fig. 4a, b) . The increase of temperature induces a decrease in the shoulder intensity at 60 °C, consistent with protein denaturation. However, the temperature of 60 °C is not enough to promote the complete oxy-HbRa denaturation since the shoulders pattern remains in the Kratky plots (Fig. 4a, b) .
Oxy-HbRa at pH 8.0, 20 °C, shows a Kratky plot with characteristic shoulders of folded protein while at pH 9.0 less intense shoulders are observed (Fig. 4c, d ), as compared to pH values 7.0 (Fig. 4a ) and 5.0 (Fig. 4b) . At pH 8.0, 60 °C, the shoulders disappear completely (Fig. 4c) . This dramatic change of pattern might be associated with protein oligomeric dissociation and denaturation. Furthermore, the loss of shoulders at lower q values is accompanied by an increase in intensity of Kratky plots above 0.15 Å −1
, at pH values 8.0 and 9.0, which is assigned to protein structural changes, such as inter-domain correlation and intra-molecular polypeptide re-arrangements, due to the unfolding process (Carvalho et al. 2014a, b; Hirai et al. 1999) .
Previous studies reported for oxy-HbGp in the presence of cationic CTAC surfactant (Carvalho et al. 2014b) show similar Kratky plots patterns as a function of temperature, as compared to oxy-HbRa data shown in our present work (Fig. 4) . These studies display a decrease in the shoulders for folded oxy-HbGp in acidic, neutral, and alkaline media, with increase of temperature, assigned to protein dissociation and denaturation in solution. 
Theoretical SAXS curves obtained from the Protein Data Bank (PDB) for HbGp
Theoretical SAXS curves (Fig. S2) were obtained for Glossoscolex paulistus hemoglobin (oxy-HbGp) coordinate data deposited in the Protein Data Bank (PDB) under ID code 4U8U (Bachega et al. 2015) by using CRYSOL software (Konarev et al. 2006) . The architecture of the full particle of 3.6 MDa is based on two hexagonal disks in which the most prominent substructure corresponds to one-twelfth of the whole particle (a protomer), which is composed of a dodecamer of globins, (abcd) 3 , together with three non-globin chains named linkers, L 1 , L 2 , and L 3 (Fig. S2) . Therefore, assuming a high similarity of the three-dimensional structure between oxy-HbRa and oxy-HbGp, the theoretical SAXS curves of the different subunits of oxyHbRa were obtained based on the deposited coordinates for oxy-HbGp (Bachega et al. 2015) . The theoretical scattering curves obtained from the PDB structure were further analyzed by the GNOM software to produce the corresponding theoretical p(r) functions used in the analysis of our experimental SAXS data for oxy-HbRa.
Analysis of oligomeric dissociation, denaturation, and aggregation of oxy-HbRa
In Fig. S2 , the theoretical scattering curves for oxy-HbGp fragments along with the corresponding p(r) functions (see inserts) are shown. The curves were split into three parts for clarity, emphasizing the greater (Figs. S2A and S2B) and smaller ( Fig. S2C ) molecular mass subunits. The scattering intensities are not normalized and correspond to the mass relations. Moreover, the p(r) functions are normalized by the corresponding factor, assuming an HbGp stoichiometry of 12 (abcd) 3 L 3 for the whole oligomer. The p(r) and I(q) (Fig. S2 ) theoretical curves were used to fit experimental HbRa p(r) function based on the linear combination and I(q) scattering curves using OLIGOMER program (Figs. 5, S3) .
In Fig. 5a , b, the p(r) functions for oxy-HbRa, at pH values 7.0 and 8.0, 20 °C, respectively, are shown with the corresponding fits, giving a contribution of 100 % of native whole protein, similar to that reported for oxy-HbGp . These results are in agreement with previous studies by optical absorption, fluorescence, and light scattering intensity (LSI) spectroscopies that show oxy-HbRa in native format these pH values. For oxy-HbRa, pH 8.0, at 50 °C (Fig. 5c ), the best fit was obtained with three different species, 66 ± 10 % of native whole protein (12(abcd) 3 L 3 ), 12 ± 5 % of dodecamer (abcd) 3 and 22 ± 7 % of tetramer (abcd) ( Table 4 ; Fig. 5c ). The equilibrium composition, at pH 8.0, 60 °C, was not obtained, probably due to the large contribution of aggregated species in the experimental distance distribution function (see Fig. 3f ), and the fact that the theoretical p(r) for aggregated species is unavailable. This effect is also observed at pH 9.0 for the temperatures of 40 and 50 °C (Fig. 3h) .
For alkaline pH 9.0, at 20 °C, our fit also shows the contribution of three species, namely 16 ± 4 % of native whole protein, 26 ± 7 % of dodecamer, and 58 ± 15 % of tetramer (Fig. 5d) . Therefore, at pH 9.0, already at 20 °C the contribution of native whole protein is reduced as compared to pH 8.0. At pH 8.0 and 60 °C, as well as at pH 9.0 and 40 and 50 °C, the p(r) functions (Fig. 3f, h ) present a significant reduction in intensity and broadening to larger r values range. We believe this is associated with the formation of oxy-HbRa aggregates at these pH and temperatures values, making our analysis of the SAXS data in terms of isolated contributions of protein species not possible. Some modeling of these aggregates in future work could be quite interesting.
It is worth mentioning that our results for oxy-HbRa presented here have some common features but are not identical, as compared to recent studies reported for oxy-HbGp . These studies have shown only the contribution of native oxy-HbGp, at pH 7.0 and 8.0, 20 °C, similar to the observed for oxy-HbRa (our Table 4 ). For pH 8.0, 60 °C, oxy-HbGp, presented 2 ± 1 % of hexamer that corresponds to half of the whole protein, 6 × (abcd) 3 L 3 , 48 ± 13 % of dodecamer (abcd) 3 and 50 ± 43 % of tetramer.
The fitting for the p(r) distribution function obtained from the experimental scattering curve for oxy-HbRa in acidic pH values 5.0 and 6.0 (fitting not shown) and the corresponding data are reported in Table 4 . At 20 °C, a contribution of 100 % of native protein, for both pH values, was the best fit. However, for oxy-HbRa at pH 6.0, 50 °C, our best fit shows the following contributions in the solution: 5 ± 2 % of protomer (abcd) 3 L 3 and 95 ± 4 % of native whole protein, while at pH 6.0, 60 °C, 12 ± 5 % of tetramer (abcd) and 88 ± 4 % of native whole protein, respectively, was obtained (Table 4) . As expected, an increase of temperature from 50 to 60 °C produces an increase in low molecular weight species. These results are again different, as compared to HbGp , where in acidic pH values the protein is very stable towards oligomeric dissociation being more prone to aggregation, as compared to our present results for oxy-HbRa.
In Fig. S3 , the fit by OLIGOMER program for oxyHbRa at pH 7.0, at 20 °C, is shown. A single contribution of 100 % of native protein obtained in this fit is in agreement with non-linear fitting from p(r) function. For pH values 5.0 and 6.0, at 20 °C, similar fits to the pH 7.0 (data not shown) were obtained. However, reasonable fits for oxy-HbRa partially dissociated/aggregated at pH values 6.0, 8.0, and 9.0 by the OLIGOMER program were not obtained. Two factors might contribute to the failure of OLIGOMER analyses: the first one is due to the large contribution of the whole protein and/or aggregated species, as compared to that from dissociated smaller subunits. The second one is related to the low scattering intensity of these smaller subunits making it difficult to resolve them in the scattering curves analyses. The OLIGOMER program seems to be more sensitive to the presence of aggregates in solution, as compared to the fits using the p(r) function. Since oxy-HbGp does not produce aggregates together with oligomeric dissociation, the fits at pH values 8.0 and 9.0, using the OLIGOMER program were successful for this system . 
Conclusions
The present studies by DLS show that oxy-HbRa, at acidic and neutral pH values, undergoes denaturation and aggregation, accompanied by partial sedimentation of the aggregates. In acidic pH values, sedimentation of aggregates, observed above 60 °C, makes it difficult to evaluate the sizes at the highest temperature of 70 °C. Differently from oxy-HbGp Santiago et al. 2007 ), oxy-HbRa does not undergo partial oligomeric dissociation before denaturation/aggregation for both pH values 5.0 and 7.0, but at pH 6.0 some partial dissociation takes place. At alkaline pH values 8.0 and 9.0, the increase of temperature promotes oxy-HbRa partial oligomeric dissociation before denaturation, and, at 60 °C, aggregation is quite significant. Our results suggest that oxy-HbRa is more resistant to temperature-induced oligomeric dissociation and more prone to aggregation in the whole pH range used in this work. SAXS data show that oxy-HbRa remains native at 20 °C in the pH range of 5.0-8.0. Oxy-HbRa, at pH values 5.0, 6.0, and 7.0, is partially denatured at 60 °C. This partial denaturation at acidic and neutral pH values is probably due to the experimental relatively short heating times used in SAXS experiments, as compared to DLS. For alkaline pH 8.0, the increase of temperature induces HbRa partial oligomeric dissociation before denaturation. At pH 9.0, 20 °C, oxy-HbRa is partially dissociated and unfolded, as shown by the R g and D max parameters. Increase of temperature produces an overlap of dissociation and denaturation/aggregation processes in the system, with inhibition of dissociation and increase in aggregation. The semi-quantitative analysis of oligomeric dissociation of oxy-HbRa, based on the theoretical fragments of the oxy-HbGp crystal structure, shows a contribution of smaller species in solution, namely, protomer ((abcd) 3 L 3 ), dodecamer (abcd) 3 and tetramer (abcd). The increase in pH and temperature values leads to an increase of small molecular weight species contribution and a decrease of the whole protein. Finally, oxy-HbRa is more stable than oxy-HbGp, regarding both temperature and pH-induced effects, since the HbRa-quantified dissociated species present higher mass as compared to Glossoscolex paulistus hemoglobin under similar solution conditions.
